The simultaneous photocatalytic removal of nitrate from aqueous environment in presence of organic hole scavenger using TiO 2 has long been explored. However, the use of unmodified TiO 2 in such reaction resulted in non-performance or release of significant amount of undesirable reaction products in the process, a problem that triggered surface modification of TiO 2 for enhanced photocatalytic performance. Previous studies focused on decreasing rate of charge carrier recombination and absorption of light in the visible region. Yet, increasing active sites and adsorption capacity by combining TiO 2 with a high surface area adsorbent such as activated carbon (AC) remains unexploited. This study reports the potential of such modification in simultaneous removal of nitrates and oxalic acid in aqueous environment. The adsorptive behaviour of nitrate and oxalic acid on TiO 2 and TiO 2 /AC composites were studied. The Langmuir adsorption coefficient for nitrate was four times greater than that of oxalic acid. However, the amount of oxalic acid adsorbed was about 10 times greater than the amount of nitrate taken up. Despite this advantage, the materials did not appear to produce more active photocatalysts for the simultaneous degradation of nitrate and oxalic acid. The photocatalytic activity of TiO 2 and its carbon- , which unveils that selectivity for N 2 and low/no selectivity for undesirable products can be manipulated by controlling the rate of consumption of oxalic acid. In contract, no nitrate reduction was observed with Cu 2 O promoted TiO 2 -T and its TiO 2 -(T)-20AC, which may be connected to amorphous nature of TiO 2 -T and perhaps served as charge carrier trapping sites that impeded activity.
Introduction
Photocatalysis using semiconductor oxides offers a potential solution to the treatment of contaminated waters. By far, most of studies focus on the removal of organic pollutants using dye molecules or phenols to represent classes of pollutants which might be treated. These exploit the oxidation potential of the holes created in the solid following exposure to radiation of energy greater than the band gap. However, this often ignores the potential to degrade contaminants by exploiting the reduction potential of the simultaneously created electrons in the conduction band. The simultaneous removal of nitrate and organic from aqueous environment is one such exception (Anderson 2012) . Potential improvements to current photocatalyst for this reaction have been discussed and described (Shand and Anderson 2013) . In addition to minimising the rate of charge carrier recombination and enhanced absorption of light in the visible region, other modifications might involve increasing site access, increasing the proportion of active sites and increasing the adsorption capacity (because TiO 2 with small surface area is associated with poor adsorption of pollutants) (Shand and Anderson 2013; Yang et al. 2017) . One potential methodology to explore the latter would be to combine TiO 2 with a high surface area adsorbent such as an activated carbon (Matos et al. 1998) .
In recent years, heterogeneous simultaneous photocatalytic degradation of aqueous inorganic and organic pollutants by the synergic oxidation-reduction capacity of TiO 2 has been developed and has emerged as a promising advanced green remediation technology for decontamination of co-contamination of drinking water sources. Nitrate has appeared as one of the most prevalent contaminants of surface and ground water, which originates from intensive agricultural activities, poor urban sewage management and waste disposal, as well as industrial effluents (Wakida and Lerner 2005) , and thus considered as a serious global problem (Hirayama and Kamiya 2014) . Moreover, organic pollutants are incessantly discharged into aqueous environments from different industries including textiles, plastic, refinery, petrochemical, pharmaceutical and agrochemical, as well as pulp and paper which could co-exist with nitrate (Beltrán et al. 2005 ; L. Li et al. 2010; Saeed et al. 2013) . It has been explored that TiO 2 either in its pristine or metallic coupled system has potential in simultaneous remediation of nitrates and organics that co-exist in aqueous environment (Anderson and Fernandez-Garcia 2009 ). However, TiO 2 surface photocatalytic oxidation-reduction reaction is hampered by the inherent low surface area (Yang et al. 2017) , which has usually resulted in low activity of photo-reduction of NO 3 − to N 2 gas in presence of organic hole scavenger, and thus, the results so far reported are usually lower and far from the looked-for values (Anderson 2012) . Consequently, this has prompted to explore the potential of immobilised photocatalyst supporting systems, upon which the particles of TiO 2 are to be mounted on porous carbonaceous materials, such as activated carbon to result in formation of TiO 2 /AC composite, aiming to increase accessibility of sites and adsorption capacity (Shand and Anderson 2013) . This in effect could result in adsorption-photocatalytic redox hybrid system, which brings about new porous and adsorption sites that could highly concentrate embattled pollutants around the light harvesting centres of TiO 2 particles and consequently be photodegradation thereon rapidly because of their proximity to photocatalytic sites. This can be supported with an assertion that a composite system containing appreciable large surface area material can scaffold TiO 2 nanoparticles (Pinheiro et al. 2017) , which can improve surface contact between pollutants and TiO 2 as well as mechanical stability of TiO 2 in aqueous environment.
Research on interface-induced effect and large specific surface area of hetero-nanostructures are attracting much attention due to applications in photocatalysis (He 2016) . One area of this aspect is the application of titania-activated carbon (TiO 2 /AC) composites in water and wastewater treatment technologies for enhanced removal of pollutants, which has for long been discussed (Garcia and Matos 2010; Gao et al. 2011; Lim et al. 2011; Matos et al. 1998) . Results from the literature indicated that the photocatalytic performance of TiO 2 / AC composites has been found to be more versatile and effective in the removal of aqueous pollutants, particularly organics, compared to pure TiO 2 and physically mixed TiO 2 /AC (Matos et al. 1998) . The outstanding performance of the TiO 2 /AC composites has been attributed to the synergetic cooperation of AC through its ability to concentrate aqueous organic pollutants around the surface of TiO 2 , which in turn increased proximity of pollutants to the surface of TiO 2 that led to rapid degradation (Matos et al. 2001; Matos et al. 2007) . Therefore, to test whether improvement in performance in the simultaneous photocatalytic removal of nitrate and oxalic acid might be attained by enhancing adsorption capacity, experiments were conducted using a number of TiO 2 / AC composites.
Materials and method

Materials
All the chemicals used were of analytical grade. A commercially available titanium dioxide, Degussa P25 (TiO 2 , Degussa-Aeroxide ≥ 99.5%), was purchased in powdered form and used as received. Potassium nitrate (KNO 3 , ≥ 99% Sigma-Aldrich ACS reagent) was used as the model nitrate source and pollutant. Oxalic acid dehydrates (H 2 C 2 O 4 *2H 2 O, 99% ≥ Sigma-Aldrich ACS reagent) was used as the model organic pollutant. Both oxalic acid and nitrate were constantly used as hole scavenger and electron acceptor, respectively, for the adsorption and photocatalytic tests. Copper (II) nitrate trihydrate (Cu(NO 3 ) 2 *3H 2 O ≥ 99.5% analaR BDH chemical) was also used as a source of copper. Nitrate and ammonium Spectroquant test kits were purchased from Merck and used as supplied.
Titanium tetraisopropoxide (Ti[OCH(CH 3 ) 2 ] 4 ≥ 99% Sigma-Aldrich ACS reagent), nitric acid (HNO 3 , 70% Fisher-Scientific) and sodium hydroxide (NaOH, ≥ 99% Sigma-Aldrich ACS reagent) were the chemical used for the synthesis of home-made TiO 2 photocatalyst, and a commercially based activated carbon powder (Chemenviron carbon) was used for the formation of TiO 2 /AC composite photocatalysts. Distilled and ultra-pure deionised water (Milli-Q, 18.2 Mῼ-cm) were used where necessary throughout the study.
Synthesis of TiO 2 /AC composites and pristine TiO 2 photocatalysts
Titania-activated carbon (TiO 2 /AC) composite photocatalysts were prepared by mixing TiO 2 (Degussa P25) and activated carbon (AC) physically and via chemical integration of TiO 2 and activated carbon (AC) starting with titanium tetraisopropoxide (TTIP) as titania source. In the formation of TiO 2 /AC composite physically, a method described elsewhere (Lee et al. 2004 ) was slightly modified and employed, for which desired amount of TiO 2 nanoparticles (Degussa P25) was added to 100 ml deionised water and stirred for 30 min. An amount corresponded to 20 wt% of activated carbon was added to the mixture and then agitated for another 1 h, after which the mixture was then dried in a rotary evaporator and the composite made was labelled as TiO 2 /AC1.
However, in the chemical synthesis, the preparation procedure for the synthesis of TiO 2 /AC composite was applied as described in a related work (Torimoto et al. 1997) . The TiO 2 colloids were prepared by adding desired volume (corresponded to chosen weight percent) of titanium tetraisopropoxide drop-wisely to 50 ml of 1 M HNO 3 solution. The mixture was then agitated for 2 h, which resulted in a transparent TiO 2 sol that contained desired mass of TiO 2 . There was adjustment of pH of the transparent TiO 2 sol with 1 M NaOH solution to pH 3 after dilution with 250 ml of deionised water, which resulted in the formation of turbid TiO 2 colloid. To the colloid, desired amount (corresponded to 20 wt%) of activated carbon was then added and stirred for another 1 h under room temperature, followed by several centrifugation and washings with distilled water until the pH of supernatant of the isolated TiO 2 /AC composite was neutral. The isolated TiO 2 /AC was dried under reduced pressure in a rotary evaporator. The obtained dried powder was subsequently calcined at 300°C for 1 h and sample powdered composite labelled as TiO 2 /AC2. The pristine titania powder labelled as TiO 2 -T was synthesised by following the same protocols as described above with the omission of the activated carbon. It is worth to note that both in physical and chemical integration, 25, 50 and 75 wt% activated carbon were also prepared, but herein reported, only 20 wt% as was found the optimal amount in the composites. In the preparation of carbon containing Cu 2 O/TiO 2 , the same procedure was followed except TiO 2 (P25) and TiO 2 -T were initially mixed with appropriate amount of activated carbon (AC) and stirred vigorously for an hour before the addition of desired amount of copper. The resulting solid composites were recorded as x% Cu 2 O/TiO2-yAC, where x% represents the determined optimum copper wt% in Cu 2 O/TiO 2 and y equals to 20 wt% of activated carbon in the composites. The two acquired carbon-containing Cu 2 O/TiO 2 composites synthesised from different titania sources were labelled as 2.5 Cu 2 O/TiO 2 -20AC and 2.5 Cu 2 O/TiO 2 (T)-20AC for P25 and home-made titania, respectively.
Adsorption tests of nitrate and oxalic acid
The adsorption tests for single-component systems were conducted at constant temperature of 25 ± 0.1°C and without pH adjustment using different initial concentrations of nitrate and oxalic acid. Sample under study (0.25 g) was thoroughly mixed in a series of capped 100 ml Pyrex bottles that contained 25 ml of nitrate or oxalic acid solutions with concentrations in the range 10-100 mg/L (1.61 × 10 −4 -1.61 × 10 − 3 mol/L) and 0.001, 0.003, 0.005, 0.008 and 0.010 mol/L, respectively, in a thermostat water bath/shaker for 24 h. After the 24 h shaking, the suspensions were centrifuged, filtered with syringe filter 0.45 μm (Millipore) and then analysed for equilibrium concentrations of nitrate and oxalic acid using UV-visible spectrophotometer (Lambda 25, PerkinElmer). For nitrate, spectrophotometric method was employed using nitrate test kit (Merck Spectroquant) for its residual concentration determinations, whereas oxalic acid was based on its characteristic functionality. To determine the uptake of nitrate and oxalic acid, the amount of nitrate and oxalic acid adsorbed per unit mass of sample (mol/g) was calculated using Eq. (1):
where q e is the amount adsorbed at equilibrium (mol/g), C i is the initial concentration (mol/L), C e is the solution equilibrium concentration (mol/L), V is the volume of the aqueous phase (L), and m is the mass of the sample used.
Simultaneous photocatalytic removal of nitrate and oxalic acid
Photocatalytic reactions were carried out in a stirred, batch reactor fitted with a primary cooler (Fischer Scientific 3016S) to maintain the reaction temperature around 25 ± 0.1°C. A secondary cooling system was also incorporated to control heat given out by the UV lamp (Hereaus BQ 512 E, 400 W, 230 V, 300 nm ≤ λ ≤ 800 nm). Water was used as the coolant in this secondary cooling system by running a constant flow through a Pyrex cooler which encased the UV lamp. The temperature of the reactions was monitored by thermometer inserted in the reaction vessel. Initially, optimum amount of photocatalyst (1.0 g/L) was suspended in 1.5 L of ultra-pure water fed into the reactor and then continuously stirred magnetically and bubbled N 2 simultaneously to displace any dissolved oxygen present for 30 min. Thereafter, 100 ml stock solution each of nitrate and oxalic acid were added to the suspension and gave rise to the total volume of 1.7 L containing concentrations of 100 ppm (0.0016 mol/L) nitrate and 0.008 /0.005 mol/L oxalic acid. The content was further stirred for another 1 h in the dark, which was selected as the time required to attain adsorption-desorption equilibrium between the model pollutants and the solid. The light was then turned on after the initial sample was taken to determine the concentrations of the model pollutants in solution and considered as the initial concentrations. During the photocatalytic reaction test, samples were withdrawn at fixed time interval over a 3-h reaction period and filtered with a 0.45-μm syringe filter before determination of nitrate and oxalic acid net concentrations, as well as the reaction products. The net concentrations of nitrate and oxalate as well as nitrite were measured using ion chromatography (IC-Dionex DX-120), while ammonium concentration was measured using a Merck Spectroquant ammonium test kit in a UV-visible spectrophotometer (Lambda 25, PerkinElmer). Thereafter, the degradation (%) of both model pollutants was calculated using Eq. 2:
where C 0 stands for the initial concentration at zero time of illumination, and C t is the concentration at a particular time of illumination. The selectivity toward N 2 (S N2 ), NO 2 − (S NO2 − ) and NH 4 + (S NH4 + ) was defined according to Eqs. 3, 4 and 5:
where [X] 0 is the concentration at time = 0 and [x] t is the concentration at time = t.
Characterisation of the composite photocatalysts
The X-ray diffraction pattern of the photocatalysts was examined using an X'Pert Pro Diffractometer (PANalytical) with a Cu Kα radiation source (λ = 0.15418 nm) in the range 5-80°2 θ. Textural properties (surface area, pore volume and pore size) were determined by collecting N 2 adsorption-desorption isotherms at − 196°C on a Tristar-3000 instrument (Micromeritics). The optical properties of the photocatalysts were studied using a UV-Visible spectrometer (Cary 60, Perkin-Elmer) in diffuse reflectance mode using a 60-mm diameter integrated sphere and BaSO 4 as the internal reference standard. To establish whether Cu influenced the band gap of TiO 2 in the photocatalysts, plots of (αhv) 1/2 versus E photon were applied by fitting the absorption data to the equation. Reducibility of the photocatalysts was investigated by temperature-programmed reduction (TPR) using a TPDRO 1100 instrument equipped with a TCD detector. Samples were heated from 40 to 600°C at 5°C/min in a 5% H 2 /N 2 mixture. The amount of hydrogen consumed was quantified based on a response factor determined using a CuO reference standard. The oxidation state of Cu was probed by studying the adsorption of CO by FTIR (Perkin-Elmer 1750 series spectrometer). Sample was pressed into a self-supporting disc and held in a quartz holder in a vacuum line which allowed for heating, evacuation and gas manipulation. Samples were first outgassed and heated to 120°C to remove surface water. The sample was then cooled to room temperature and outgassed to a residual pressure of ca. 4 × 10 −5 Torr before an initial spectrum (25 scans, 4 cm −1 resolution) was collected prior to exposure to increasing CO over-pressures (0.2-50 Torr). Results are presented as difference spectra relative to the initial scan collected in the absence of CO. XPS measurements were carried out using a Kratos AXIS Ultra DLD XPS spectrometer with monochromated AlKα X-rays and hemispherical analyser with pass energy of 160 eV. The powdered samples were mounted on copper tape and binding energies were normalised to the C 1s signal from adventitious carbon at 284.6 eV. Background subtraction was performed using a Shirley background and Casa XPS (Shirley 1972) .
Results and discussion
Characterisation of the materials Activated carbon (AC) was used to modify the surface area of TiO 2 to serve as an adsorbent as well as a photocatalyst for the simultaneous photocatalytic removal of nitrate and oxalic acids in aqueous environment. For this reason, raw activated carbon (AC) and the carbonbased composite photocatalysts were characterised using N 2 gas adsorption-desorption experiments. The respective textural parameters of each of the material are tabulated in Table 1 . From the results obtained, it is obvious that the textural parameters of the activated carbon and carbonbased TiO 2 composite photocatalysts are significantly different from both unsupported titanium oxides. The result revealed that the surface area and pore volume of the carbon-based TiO 2 composites are significantly greater than the unsupported titanium oxides, which may be of great importance to adsorption-photocatalysis hybrid system for the simultaneous removal of the model pollutants.
On the other hand, for the carbon containing Cu 2 O/TiO 2 and Cu 2 O/TiO 2 -T composites, the surface area of both titania decreased with addition of copper. However, incorporation of activated carbon into the composite at fixed copper loading (2.5%) resulted in an increase in the surface area, particularly the surface area of copper-promoted TiO 2 -P25 changed by almost twofold (Table 1) .
The isotherms of the N 2 adsorption-desorption of some of the materials are presented in Fig. 1 and belong to type IV of the IUPAC classifications, as they evidently show openedlarge hysteresis loops (Sing 1982) and also indicate the characteristics of mesoporous materials (Baek et al. 2013) . The hysteresis loop of TiO 2 -P25 is more pronounced toward P/P 0 = 1, inferring the presence of large pores that are more open than the other materials (Table 1 ). This may be attributed to the effect of high calcination temperature imposed on the TiO 2 -P25 that was not applied on the other materials, since with an elevation of the calcination temperature, pore sizes increase and pore volumes decrease (Tryba et al. 2003) . However, as can be seen from the isotherms, the immobilisation of the oxides unto the carbon body resulted in blockage of the porosity of the carbon support even though it is mild and so noticeable in TiO 2 /AC2 and TiO 2 /AC1, respectively. Despite such, the materials retained porous character with relatively large surface area and pore volumes compared to both oxide photocatalysts (Fig. 1) . The observed isotherms for the carbon-based composites are consistent with results in the literature (Gao et al. 2011; Tryba 2008; Yu et al. 2003) .
The corresponding pore size distribution profiles of the materials shown here are presented in Fig. 1b . The results of the pore size distribution are consistent with the N 2 adsorption-desorption isotherms (Table 1) , which also indicate the mesoporous nature of the materials, as all the pore size distributions are within the mesoporous classification (2-50 nm). The trend also remained similar with respect to carbon containing Cu 2 O/TiO 2 composites. Interestingly, regarding the prepared composites, the portion of mesopores of TiO 2 / AC2 (Fig. 1b) was found to be even greater than the activated carbon (AC), which could be an advantage to adsorptiondesorption processes on the surface of the composite. This marked difference in comparison with activated carbon may be attributed to the impact of the synthesis method, which perhaps also changed the morphology of the integrated activated carbon (AC), as the effect of preparatory method was also clearly manifested in the TiO 2 /AC1 composite. As shown in the pore size distribution profiles, after the impregnation of TiO 2 on the activated carbon in the formation of TiO 2 /AC1 and TiO 2 /AC2, the pore volume of AC that is centred at 3.6 nm and larger than 5 nm decreased significantly and the decrease coincidently displayed the same declined shape in both composites, which may be the result of pore blockage by TiO 2 particles (Fig. 1b) . However, the pore volume of AC centred at 2.8 nm increased significantly in TiO 2 /AC2 and decreased for TiO 2 /AC1. The increase may be attributed to the cluster of mesopores in the TiO 2 and partial blockage of the large pores by TiO 2 particles (Yu et al. 2003) whereas the decrease perhaps occurred because of the blockage of the mesopores of AC due to presence of TiO 2 nanoparticles, which is also clearly observed in the N 2 adsorptiondesorption isotherms (Fig. 1a) . Severe pore blockage by TiO 2 nanoparticles in the TiO 2 /AC composites may affect its adsorption properties. The modifications to the pore size distribution pattern here is similar with the trend reported by Gao et al. (2011) for TiO 2 /AC composite materials. The XRD profiles of the TiO 2 and their corresponding carbon-based composites are shown in Fig. 2a , which indicates that composites made up of TiO 2 -P25 contained two phases with the sharp peaks appearing at 25.3°and 27.4°characteristic of anatase and rutile revealed by index of ICDD-01-075-2550 and ICDD-01-001-1292, respectively. In contrast, samples of TiO 2 -T and its composite are mainly constituted by anatase crystallites. The Cu 2 O phase was not detected in the photocatalysts of Cu 2 O/TiO 2 and Cu 2 O/TiO 2 -T and their corresponding carbon-containing composites, which could be related to low content of copper loaded. The UV-Vis diffuse reflectance of both pure titania has shown the characteristic absorption sharp edge rising at 400 nm as depicted in Fig. 2b . Conversely, all the composites have shown absorption toward the visible light spectra range. This could be attributed to electronic transition involving Cu in the materials. In addition, among the carbon containing composites, 2.5 Cu 2 O/TiO 2 (T)-20AC absorbed light at wavelength longer than its corresponding composite without activated carbon (Fig. 2b) . This suggests potential incorporation of carbon into the TiO 2 structure apart from Cu and further revealed that activated carbon was integrated chemically and thus is different from the physically formed composite (2.5 Cu 2 O/TiO 2 -20 AC). , respectively (Boccuzzi et al. 1997; Coloma et al. 2001; Liu et al. 2012; Prestipino et al. 2006; Wu et al. 2011; Zhu et al. 2015) . Figure 3a shows the spectra of adsorbed CO on 2.5 Cu 2 O/TiO 2 sample. The main absorption band occurs at 2110 cm −1 and thus is attributed to adsorption on Cu + which is thought to be the main oxidation state. A small band is also observed at ca 2060 cm −1 and that confirms the presence of a small population of Cu 0 sites. In contrast, sample of 2.5 Cu 2 O/TiO 2 -T photocatalyst did not adsorb CO to the same extent (Fig. 3b) , with only a weak band observed at ca. 2115 cm −1 (ca. 60-fold less intense than observed for 2.5 Cu 2 O/TiO 2 ). Note however that the absorption coefficient of CO on Cu + is known to be greater than for CO on Cu 0 (Coloma et al. 2001) , meaning that the Cu 0 population is likely to be even lower than observed qualitatively. None of the samples exhibited a peak which can be assigned to CO adsorbed on Cu 2+ . To evaluate the reducibility of copper species, H 2 -TPR profiles were collected (Fig. 4) . The TPR profiles of both 2.5 Cu 2 O/TiO 2 and 2.5 Cu 2 O/TiO 2 -T displayed a sharp reduction peak at ca. 160°C, although both also gave another broad reduction peak at ca. 225°C. Reduction of Cu + → Cu 0 must occur in a single step whereas reduction of Cu 2+ → Cu 0 can occur via a two-step process. However, no evidence of a Cu 2+ species was observed by FTIR of CO. As such, the reduction peak at ca. 160°C is assigned to Cu 2 O species that are readily reduced due to their high dispersion on the support, while the additional peak centred at ca. 225°C for both samples could be related to reduction of Cu 2 O species that are weakly interacted with the support and/or with a larger particle size (Boccuzzi et al. 1997; Z. Wu et al. 2010 ). The percentage reduction was estimated from the consumption of hydrogen, and the results obtained show that all the samples exhibited less than 50% Cu reduction (based on Cu 2+ as starting material) confirming the absence of a Cu 2+ species. All samples consume less hydrogen than required to stoichiometrically reduced Cu 2 O, which suggests that at least some of the copper was likely in a reduced form-consistent with FTIR analysis. On this basis, this further suggests that copper appeared initially and predominantly as Cu 2 O in the samples.
In support of FTIR results, XPS analyses were conducted to gain insight into the nature of Cu ions in the two types of support. XPS spectra of Cu 2p core level profile of 2.5 Cu 2 O/ TiO 2 are displayed in Fig. 3c species. This weak satellite peak found in the samples of 2.5 Cu 2 O/TiO 2 establishes that small quantities of Cu 2+ were present as leftover, and thus confirmed that existed in the process of Cu 2 O nanoparticle formation on the surface of TiO 2 and TiO 2 -AC supports.
Adsorption isotherms of nitrate and oxalic acid
Adsorption studies present parameters which provide information on the amount of adsorbate that can be taken up by an adsorbent. It has been long-established that adsorption studies describe the surface properties and affinity of adsorbent through an isotherm, which is essential in the interpretation and prediction of the magnitude of adsorption (LorencGrabowska and Gryglewicz 2006; Vimonses et al. 2009 ). Furthermore, regarding heterogeneous photocatalytic reactions, fast rates of photodegradation of pollutants depend largely on the affinity of the reactants for the photocatalyst surface (Choi et al. 2014) , and therefore, combining activated carbon (AC) and TiO 2 could result in high concentrations of nitrate and oxalate in the proximity of the photocatalyst, which in effect could enhance the photodegradation of the model pollutants. Similarly, if oxalic acid is to provide electrons via oxidation by photogenerated holes on the surface of TiO 2 , which subsequently are to be used for the reduction of nitrates to maintain the neutrality of the TiO 2 surface, then their adsorption on the surface of TiO 2 is of paramount importance (Bems et al. 1999) .
To establish the adsorption ability of the materials under study, the uptake as a function of equilibrium concentration on activated carbon (AC), TiO 2 /AC1, TiO 2 /AC2, TiO 2 -T and TiO 2 -P25 of nitrate and oxalic acid are presented in Fig. 5a , b, respectively. The amount adsorbed increased with an increase in oxalic acid or nitrate concentration and then consequently remained almost constant. This implies that saturation was attained, suggesting adsorption was limited to monolayer coverage of oxalic acid and nitrate. The materials offered different adsorption behaviour, among which activated carbon (AC) adsorbed greatest amount of either adsorbate when compared on a per-gram basis. This was followed by TiO 2 /AC2 and then TiO 2 /AC1. Conversely, the titanium dioxides adsorbed nearly the same and different amounts of oxalic acid and nitrate, respectively. This trend of the adsorption ability is consistent with the textural characteristics, such as surface areas, of the materials (Table 1) . However, it is worth mentioning that mixing TiO 2 with activated carbon (AC) brought about an improvement in the adsorption ability of both commercially and laboratory-based TiO 2 . The composites were superior in their adsorption ability in comparison to both titania. The adsorption behaviour exhibited by activated carbon (AC) and the composites toward oxalic acid, as an organic substance, is similar to previous works (Garcia and Matos 2010; Ao et al. 2008; Matos et al. 2010a, b) , which could be attributed to large surface area of AC as well as its coadsorbent effect that improved the adsorption ability of TiO 2 through surface functional groups.
In support of the above discussion, it has been established that activated carbon is an excellent adsorbent for the removal of wide range of aqueous pollutants particularly organics ones. However, it is a poor adsorbent for the adsorption of anionic pollutants and thus, this may be responsible for low volume of studies reporting adsorption of NO 3 − by activated carbon (Bhatnagar and Sillanpää 2011) . The effects of functional groups on the adsorption of NO 3 − and NO 2 − by carbon cloth was investigated, and the results revealed that carbon cloth treated with acid formed positive sites on the material due to protonation of its surface OH − groups that caused an increase in electrostatic adsorption of the anions. The dramatic improvement in the adsorption was attributed to the electrostatic interaction between the anions and positively charged sites on the surface of the acid-treated carbon cloth, as the distilled water-treated carbon cloth adsorbed 5 and 20 times less of NO 3 − and NO 2 − , respectively, compared to the former (Afkhami et al. 2007 ). In a very recently reported work, a similar scenario was also observed where NO 3 − adsorption was enhanced due to involvement of the surface OH − groups by bridging between NO 3 − and metal oxide surfaces (Suriyaraj et al. 2015) . Therefore, as revealed from the literature, the high uptake of oxalic acid than nitrate by carbonbased TiO 2 , i.e., TiO 2 /AC1 and TiO 2 /AC2 could also be held by the above observations. Because the ionic form of oxalic acid in a solution of pH 1.5 to 3.9 is mainly HC 2 O 4 − (Janusz and Matysek 2006) , as the adsorption measurement was carried out within this range, the adsorption of oxalic acid over the composites should be more than that of nitrate due to electrostatic interaction between HC 2 O 4 − and positively charged surface sites of the composites. A similar observation was made where initial pH can increase the adsorption of a catalytic substrate on the photocatalyst and thus can increase the efficiency of photocatalysis (He et al. 2010) . Langmuir and Freundlich isotherm models were used to gain further understanding and description of the adsorption behaviour of the materials. According to the quality of the fit, the adsorption data for both oxalic acid and nitrate are best described by the Langmuir model with a correlation coefficient (R 2 > 0.99) higher than that obtained with Freundlich (R 2 < 0.73). This revealed that the equilibrium data for adsorption of nitrate and oxalic acid for all the materials agreed best with the Langmuir equation (Fig. 5c, d, respectively) . The uptake and derived Langmuir constants are shown in Table 2 . Interestingly, the Langmuir constant for oxalic acid on TiO 2 -P25 and AC were fairly similar, and this was also the case for nitrate on the two reference samples. The relative strength of adsorption of nitrate was increased on both composites with respect to the references while oxalic acid adsorption strength was diminished for the composite prepared by physical mixture (TiO 2 /AC1) but enhanced for the chemically combined composite (TiO 2 /AC2). From the results, in all cases, the Langmuir constants for nitrate are higher than those of the oxalic acid, suggesting greater affinity for this adsorbate than oxalic acid for all the materials despite that was adsorbed to a lesser extent. A similar observation has been reported for TiO 2 -P25 sample (Li and Wasgestian 1998) . This difference between the amount of uptake and strength of adsorption could arise from the ability of oxalic acid to bind via its two adsorption modes, which may involve both two carbonyl groups or one carbonyl and one hydroxyl groups (Fahmi et al. 1995) . Therefore, it could be inferred that oxalic acid has a greater number of options in terms of adsorption sites than nitrate does, even though nitrate too could bind TiO 2 in either monodentate or bidentate configuration (Hadjiivanov et al. 1994) . Nevertheless, the amounts of both oxalic acid and nitrate adsorbed were significantly increased by the addition of activated carbon (AC) to the TiO 2 when considered based on per unit mass (Table 2) , which is far above the capacity of TiO 2 alone. This is consistent with a report in the literature that activated carbon can be a co-adsorbent to enhance the adsorption capacity of TiO 2 (Yu et al. 2005) . Similarly, in terms of affinity for the model pollutants, the adsorption strength of nitrate was increased on both composites when compared with the reference materials-TiO 2 -P25, TiO 2 -T and activated carbon (AC). Conversely, in the case of oxalic acid, the increment was only observed on the chemically combined composite (TiO 2 /AC2). This disparity may be associated with their textural characteristics, which perhaps originated from different preparatory methods.
Photocatalytic removal of nitrate and oxalic acid
The photocatalytic performance profile of TiO 2 -P25, TiO 2 -T and TiO 2 /AC composites in the simultaneous photocatalytic remediation of nitrate and oxalic acid is presented in Fig. 6 . Under the experimental conditions employed, none of the materials used showed any photocatalytic activity in the reduction of nitrate. The result was not entirely unexpected given that previous reports have shown that TiO 2 alone is either inactive (Bems et al. 1999; Gao et al. 2004; Jin et al. 2004) or slightly active (Ren et al. 2015; Rengaraj and Li 2007) or very active. (Sá et al. 2009 ). Thus, the discrepancies between the reported data regarding the activity of TiO 2 seems difficult to resolve but may be largely attributed to the operational factors since performance is known to depend heavily on conditions employed ) and/or seems to depend on the type of organic hole scavenger employed Jin et al. 2004; Sá et al. 2009 ). This was also the same case for the composites prepared here which can be related directly to the inactivity of TiO 2 in the photocatalytic reduction of nitrate. However, the materials exhibited activity in the degradation of oxalic acid and their rate constants (Table 3) for removal were quite similar for both the reference TiO 2 and TiO 2 /AC2 but almost an order of magnitude less for TiO 2 /AC1. While this may be in some way related to the characteristics of this sample that led to it displaying the lowest Langmuir constant (for oxalic acid) but the highest for nitrate among the samples described here (Table 2) . This difference did not induce improved performance in terms of nitrate reduction. However, with integration of Cu 2 O into the TiO 2 -20AC, the simultaneous photocatalytic removal of nitrate and oxalic acid was successfully occurred. Therefore, the addition of Cu 2 O activated the photocatalytic potential of TiO 2 for the reduction of nitrate, presumably via effective charge carrier separation. On the other hand, Cu and Cu + are also active and easily be oxidised in reducing nitrate. This perhaps is connected to the fact that Cu 2 O has poor stability in aqueous solutions, because the redox potentials for the reduction and oxidation of monovalent copper oxide lie within the band gap (Paracchino et al. 2011) and thus is quite a limiting factor for its photocatalytic application in aqueous solutions. However, combining Cu 2 O with TiO 2 is a potential solution to the problem of Cu 2 O instability in water under illumination. This is because TiO 2 served as a protective n-type oxide, whose conduction band lies in between the Cu 2 O conduction band and therefore assisted in extracting photogenerated electrons from Cu 2 O leading to enhance the stability of Cu 2 O in water under illumination (i.e., avoiding the occurrence of reduction of Cu 2 O to Cu). As TiO 2 is an n-type with valence band edge of 2.9 V coupled with p-type Cu 2 O semiconductor with an appropriate conduction band edge of − 1.64 V (Wang et al. 2013) , photogenerated electrons can be transferred from the conduction band of Cu 2 O to TiO 2 and holes migrate from the valence band of TiO 2 to Cu 2 O, and thus, electron-hole transfer between the heterojunction is thermodynamically permitted. This served as an effective way of retarding electron-hole recombination and eventually resulted in the simultaneous photocatalytic degradation of nitrate and oxalic acid over the sample. In addition, the presence of activated carbon in the sample enhanced photocatalytic degradation of the pollutants via increased adsorption capacity and improved interfacial charge transfer rate. Conversely, the reduction reaction carried out with Cu 2 O promoted TiO 2 -(T)-20AC composite, where less than 50% of oxalic acid was removed and no nitrate reduction was observed. The photocatalytic reduction nonperformance of Cu 2 O promoted TiO 2 -(T) and its carbonbased composite (Fig. 7a, b) may be connected to crystallinity of the titania produced, as it mainly is in amorphous phase (Fig. 2a) and perhaps served as charge carrier trapping sites that hindered activity. Figure 7c, d shows the photocatalytic performance of Cu 2 O promoted TiO 2 and their carbon-based composites. The results reveal that the combination of 2.5 Cu 2 O/TiO 2 with activated carbon (AC) clearly resulted in a decrease in the removal rates of nitrate and oxalic acid rates (Table 4 ). The effect was so conspicuous, where the rates sharply declined by greater than 6 and 2 times less than the rates of removal of nitrate and oxalic acid, respectively, compared to 2.5 Cu 2 O/TiO 2 photocatalytic performance (Table 4 and Fig. 7b ). This may be attributed to light shielding effect imposed by AC in the composite, which perhaps prevented UV light from reaching the light harvesting centres where the reactions occur on the surface of the photocatalyst. This phenomenon was also observed elsewhere (Gao et al. 2011; Wei et al. 2014) . Besides, the UV-vis spectra of the composite with AC loading absorbed light lower than that of 2.5 Cu 2 O/TiO 2 (Fig. 2b) , which could further explain the decrease in conversion rate of the carbon-based 2.5 Cu 2 O/TiO 2 . The maximum conversion of nitrate was 57.6% with selectivity to N 2 of 41.9% and an oxalic acid conversion of 99.8% after 3 h reaction using 2.5 Cu 2 O/TiO 2 , but its carbon-based form recorded further increased selectivity to N 2 with drastic decrease in selectivity for ammonium and nitrite down to 21.6 and 0%, respectively (Table 4 ). This indicates that the reaction product selectivity seems to be governed by the sluggish conversion rate of oxalic acid. Therefore, the presence of AC in Cu 2 O/TiO 2 was found to be detrimental to rate but advantageous to N 2 selectivity.
Conclusion
The TiO 2 /AC composite photocatalysts were successfully prepared through physical and chemical integration protocols. Adsorption isotherms were carried out with the aim to evaluate their adsorption capacity alongside with the reference materials, which are TiO 2 -P25, TiO 2 -T and activated carbon (AC). From the adsorption isotherm measurements, although uptake of both nitrate and oxalic acid was improved compared to pure titanium oxides, oxalic acid was adsorbed more than the nitrate despite its low adsorption constant relative to nitrate. Among the findings, in terms of adsorption capacity, TiO 2 /AC2 adsorbed more of the model pollutants than TiO 2 / AC1 and both composites did not provide adsorption additive effect after mixing the two solids. Nevertheless, combining TiO 2 with activated carbon resulted in improvement in the adsorption uptake of both nitrate and oxalic acid. Similarly, adsorption-photocatalytic hybrid investigations were also carried out over the materials and found that both the reference titanium oxides and their corresponding carbonbased composites yielded no photocatalytic reduction of nitrate. Therefore, it appeared that enhancing capacity using TiO 2 /AC composites did not appear to produce more active photocatalysts for the simultaneous degradation of nitrate/ oxalic acid, but this conceivably related directly to the fact that even TiO 2 , as the basic photocatalyst, did not show any photocatalytic activity for nitrate reduction. With such observation, this study further explored the potentiality of copper in the composites by synthesising 21.6 and 0%, respectively. Although enhancing capacity through composites based on TiO 2 /activated carbons did not appear to produce more active photocatalysts for the simultaneous degradation of nitrate/oxalic acid, accordingly, this study reveals that selectivity for desired product appeared to be governed by the rate of conversion of oxalic acid and therefore selectivity for N 2 can be manipulated by controlling the rate of consumption of oxalic acid. On the other hand, less than 50% of oxalic acid was removed and no nitrate reduction was observed in the photocatalytic reduction reaction carried out with Cu 2 O-promoted TiO 2 -T and its TiO 2 -(T)-20AC composite. This non-performance of Cu 2 O-promoted TiO 2 -(T) and its carbon-based composite may be connected to crystallinity of the titania produced, as it is mainly be made up of amorphous phase and perhaps served as charge carrier trapping sites that impeded activity. Besides, the FTIR of adsorbed CO further support that difference between the two materials implies that participation of a surface Cu species is vital for photoreduction of nitrate. Although photocatalytic reduction of nitrate was not achieved with the prepared Cu 2 O/TiO 2 -T and its carbon containing composite, measurement of adsorption uptake data and photocatalytic reaction data can allow an understanding of the parameters which may be key in trying to develop improved photocatalysts.
